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FOREWORD 
This  i s  t h e  f i n a l  report on I I T R I  P r o j e c t  No.  A6135, 
e n t i t l e d  "A Fast-Neutron Spectrometer of Advanced Design" and 
covering t h e  per iod  3 May 1965 to  3 February 1966. 
w a s  performed under National Aeronautics and Space Administra- 
The work 
t i o n  Con t rac t  No. NAS8-11885. The principal contributors t o  
t h e  r e sea rch  w e r e  Chris topher  C. Pres ton  and R o b e r t  B e  Moler. 
The d a t a  are recorded i n  Logbooks (216060 and (36437, 
Respectfully submitted,  
I I T  RESEARCH INSTITUTE 
R. B e  Moler, Research P h y s i c i s t  
Approved: 
\ W, E ,  Loewe, Manager 
Nuclear and Radia t ion  Physics Sect ion 
C ,  W, Terrell  
D i r e c t o r  
Physics  Research 
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ABSTRACT 51 435- 
A proto type  fas t -neut ron  spectrometer based on a unique 
combination of s o l i d - s t a t e  de t ec to r s  and He3-f i l led propor- 
t i o n a l  counters  was developed. The instrument  demonstrated a 
r e s o l u t i o n  of better than 100 keV and an e f f i c i e n c y  of 
2 x 10-6/neutron over  t h e  energy range of 0.3 t o  3 MeV. 
r e j e c t i o n  of a high order was demonstrated. 
Gamma 
The basic system c o n s i s t s  of two s i l i c o n  s o l i d - s t a t e  
d e t e c t o r s  separated by t w o  propor t iona l  counters .  Coincidence 
between the p ropor t iona l  counters  i s  requi red .  Particle iden- 
t i f i c a t i o n  i s  employed t o  improve gamma r e j e c t i o n  and reduce 
o t h e r  sources  of background. 
iii 
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i v  
A FAST-NEUTRON SPECTROMETER O F  ADVANCED DESIGN 
I INTRODUCTION 
The primary purpose of the r e sea rch  e f f o r t  was t o  advance 
the s t a t e  of t h e  a r t  of neutron spectrometry through the design,  
cons t ruc t ion ,  and t e s t i n g  of  a device u t i l i z i n g  a unique con- 
cept for  t h e  measurement of neutron spec t r a .  
The u l t ima te  purpose of t h i s  e f f o r t  i s  t o  design and 
develop a fas t -neut ron  spectrometer capable of record ing  high- 
r e s o l u t i o n  s p e c t r a  of t h e  neutrons l eak ing  through a l i q u i d  
hydrogen tank  on board a nuclear rocke t  propuls ion  veh ic l e ,  
Such a spectrometer must make accura te  measurements w i t h i n  t h e  
fol lowing desired spec i f i ca t ions :  fas t -neutron f l u x e s  of  
10  8 / c m 2 - s e c  t o  10 10 /cm 2 -sec, a gamma f i e ld  a s  h igh  as 1 ,5  x 10 6 
R/hour, and a t i m e  l i m i t  of 5 sec, 
A s  a secondary b e n e f i t ,  t h i s  v e r s a t i l e  ins t rument  w i l l  be 
use fu l  for  a w i d e  v a r i e t y  of neutron s p e c t r a l  measurements 
r e q u i r i n g  a combination of good r e s o l u t i o n ,  h igh  e f f i c i e n c y ,  
and r a p i d  response,  The need for such an instrument  i s  demon- 
s t r a t e d  by the m u l t i p l i c i t y  of ins t ruments  t ha t  have been 
app l i ed  t o  the problem of  measuring fas t -neut ron  s p e c t r a ,  
problem i s  compounded f o r  measurement o f  neutron s p e c t r a  from 
extended sources ,  which requi re  a n  i s o t r o p i c a l l y  responding 
neutron d e t e c t o r ,  
The 
The s o l u t i o n  t o  t h e s e  measurement problems i s  embodied i n  
an instrument  t h a t  makes use of a unique combinationof He3-f i l led 
1 
propor t iona l  counters  and s i l i c o n  s o l i d - s t a t e  detectors t o  
achieve t h e  combined p r o p e r t i e s  o f  good r e s o l u t i o n ,  h igh  e f f i -  
c iency ,  rapid response,  and e f f e c t i v e  gamma-ray r e j e c t i o n ,  
I n  the fol lowing s e c t i o n s  genera l  p r i n c i p l e s  of neutron 
spectrometry are d iscussed ,  and t h e  advantages and disadvantages 
of some widely used instruments  are described. The combination 
system tha t  w a s  developed i s  described i n  d e t a i l ,  and t h e  
experimental  r e s u l t s  a r e  compared with the expected r e s u l t s  
based on knowledge of the  system parameters. 
11. THEORY 
A, 
1 In t roduc t ion  
S t a t e  of the A r t  of Fast-Neutron Spectrometry 
Measurement of the  spec t r a  of f a s t  neutrons (>0,1 MeV) 
has been a d i f f i c u l t  problem i n  low-energy nuc lear  physics ,  
A t t e m p t s  t o  so lve  t h i s  problem have r e s u l t e d  i n  a l a r g e  v a r i e t y  
of approaches w i t h  varying success,  as can be v e r i f i e d  by con- 
s u l t i n g  Marion and F o w l e r ' s  volumes ( r e f .  1) on fas t -neut ron  
physics, Some  of t he  more usefu l  and wide ly  used devices  are 
based on proton recoil ,  measurement o f  neutron v e l o c i t y  by 
t ime-of-f l ight ,  and d e t e c t i o n  of products  of neutron reactions 
wi th  l i g h t  elements,  
a ,  Proton-Recoil Spectrometers 
S c a t t e r i n g  of f a s t  neutrons by pro tons  has been i n v e s t i g a t e d  
e x t e n s i v e l y  (ref , 1) , and d i f f e r e n t i a l - s c a t t e r i n g  cross s e c t i o n s  
a r e  known t o  be isotropic i n  the  center-of-mass coord ina te  
2 
system up t o  about 5 MeV, Beyond t h i s  energy the r e s u l t s  a r e  
less w e l l  known b u t  can s t i l l  be used f o r  measurement of 
neutron spec t r a  
U s e  of  proton-recoi l  measurement has the advantage t h a t  
when small-angle s c a t t e r i n g  only i s  recorded the  neutron spec- 
trum i s  obta ined  direct ly  f r o m  the recorded spectrum, I n  order 
for  the small-angle s c a t t e r i n g  t o  be w e l l - d e f i n e d  it i s  
necessary  t h a t  the  neutrons form a co l l imated  b e a m ,  A second 
advantage i s  t h a t  the s c a t t e r i n g  c r o s s  s e c t i o n  i s  nea r ly  con- 
s t a n t  t o  15 MeV and i s  l a r g e  (>15 b a r n s ) .  
A device t h a t  makes use of the above i d e a s  i s  the proton- 
r e c o i l  telescope, I n  t h i s  instrument a t h i n  polyethylene or  
other hydrogenous f o i l  i s  interposed between a neutron b e a m  and 
a pro ton  d e t e c t o r ,  Addit ional  detectors can be used between 
the f o i l  and the pro ton  de tec to r  t o  reduce background by means 
of a coincidence requirement 
The a rea  of the f o i l  and the detector, t h e i r  s epa ra t ion  
d i s t a n c e ,  and the angular  spread i n  the neutron beam de f ine  a 
geometric r e so lu t ion ;  whereas the th i ckness  of the f o i l  p l a c e s  
a lower l i m i t  on neutron energies t h a t  can be measured and 
a lso c o n t r i b u t e s  somewhat to the  r e s o l u t i o n  loss  as a r e s u l t  of 
pro ton  energy loss i n  the f o i l .  To achieve reasonable  reso lu-  
t i o n  the  f o i l  must be very t h i n  (c0.5 mg/cm ) ,  and consequently 
e f f i c i e n c y  i s  l o w ,  A l s o ,  the  e f f i c i e n c y  requirements i m p o s e  a 
l i m i t a t i o n  on low-energy response, 
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A v a r i a t i o n  t h a t  g ives  somewhat better e f f i c i e n c y ,  b u t  a t  
the  expense of r e s o l u t i o n  and the low-energy l i m i t ,  i s  the 
Rubbino spectrometer ( refs ,  2 and 3), I n  t h i s  device the 
s c a t t e r i n g  f o i l  i s  i n  the  shape of a b a r r e l  w i th  a plastic- 
l e a d  s h i e l d  a t  the c e n t e r  to reduce the proton detector back- 
ground t h a t  r e s u l t s  f r o m  t h e  d i r e c t  neutron b e a m ,  This  device 
i s  n o t  u se fu l  b e l o w  about 2,5 MeV. 
P r a c t i c a l  recoil spectrometers have been designed by 
Johnson and T r a i l  (ref 4)  and o t h e r s ,  The instrument  of 
Johnson and T r a i l  has  a low-energy l i m i t  of 2 MeV and a resolu- 
t i o n  of 500 k e V  combined with an e f f i c i e n c y  of 3 x O t h e r  
de s igne r s  have combined h igher  e f f i c i e n c y  wi th  poorer r e s o l u t i o n  
and h igher  energy c u t o f f ,  o r  b e t t e r  r e s o l u t i o n  and lower energy 
w i t h  much lower e f f i c i e n c y ,  
A second gene ra l  method of spectrometry based on n , p  
s c a t t e r i n g  records the spectrum of s c a t t e r e d  pro tons  and 
unfo lds  f r o m  t h i s  spectrum t h e  neutron spectrum, This  procedure 
r e q u i r e s  very good s ta t i s t ica l  information i f  t h e  unfolding 
procedure i s  t o  be r e l i a b l e ,  When a hydrogen-f i l led p ropor t iona l  
counter  i s  used, s p e c t r a l  measurement of neutrons as l o w  as 
10 keV i s  possible w i t h  good r e s o l u t i o n  ( 3  t o  5 k e V  fu l l -wid th  
a t  h a l f  maximum). The e f f i c i e n c y  of t h i s  method i s  high s i n c e  
a l a r g e  volume of gas  (ref,  5) o r  a l a r g e  hydrogenous sc in-  
t i l l a t o r  can be used, I n  a propor t iona l  counter  l a r g e  wa l l  and 
end effects  l i m i t  the  energy range to  less  than  0,5 MeV. I n  a 
hydrogenous s c i n t i l l a t o r  r e so lu t ion  i s  q u i t e  poor and gamma 
4. 
. 
background i s  a s e r i o u s  problem, However, t h e  gamma background 
can be p a r t i a l l y  co r rec t ed  by pulse-shape d i sc r imina t ion ,  
be Time-of-Fliqht Methods 
One of t h e  e a r l i e s t  neutron spectrometer techniques i s  
based on t ime-of-f l ight ,  For keV and l o w e r  ene rg ie s ,  the use 
of mechanical choppers g ives  good recolut ior?  and e f f i c i e n c y ,  
A t  h igher  ene rg ie s ,  o t h e r  means of producing a neutron pulse  
a r e  requi red .  I n  Crockraft-Walton and Van de Graaff machines 
va r ious  beam-pulsing methods a re  employed, and the use of fas t  
o rgan ic  s c i n t i l l a t o r s  holds  timing inaccurac ies  t o  less than 
sec, 
The r e s o l u t i o n  and the e f f i c i e n c y  of t ime-of-f l ight  methods 
a r e  dependent on the l eng th  of t h e  f l i g h t  path, the t i m e  w i d t h  
of the i n i t i a l  b u r s t ,  and the l eng th  of the neutron-detect ing 
s c i n t i l l a t o r ,  A t ime-of-fl ight spectrometer w i t h  a r e s o l u t i o n  
of 3 percent a t  0 - 5  MeV and 1 5  percent a t  1 4  MeV has been 
reported (ref ,  6) 
i f  t h e  fact  t h a t  the beam is  pulsed a t  a 1 pe rcen t  du ty  cyc le  
t o  e l imina te  any ove r l ap  between p u l s e s  i s  discounted. In- 
c r eas ing  t h e  f l i g h t  path t o  achieve better high-energy resolu-  
t i o n  sha rp ly  decreases t h e  e f f i c i e n c y ,  
The e f f i c i e n c y  i s  cons tan t  a t  10-7/neutron, 
c,  Neutron Reactions i n  Liqht Elements 
There are a number of l i g h t  element r e a c t i o n s  tha t  can  be 
6 employed t o  detect f a s t  neutrons,  These inc lude  t h e  L i  ( n , a ) T ,  
B l0 (n , a )L i7 ,  and H e  3 (n ,p)T r eac t ions .  
5 
- 
6 The L i  (n , a )  T reaction has been used i n  t h e  form of a 
l i t h i u m  iodide (Eu) s c i n t i l l a t o r ,  bu t  the  r e s o l u t i o n  achievable  
i s  very poor and gamma i n t e r a c t i o n s  i n  the s c i n t i l l a t o r  a r e  a 
s e r i o u s  problem, The L i  (n ,a)T r e a c t i o n  has  also been used i n  
a solid-state sandwich detector, Resolut ion i s  good (150 k e V  
fu l l -wid th  a t  h a l f  maximum), b u t  the energy range i s  rest r ic ted 
because of t h e  o n s e t  of competing r eac t ions .  
6 
The boron t r i f l u o r i d e  propor t iona l  counter  i s  a c l a s s i c a l  
neutron detector b u t  g i v e s  very l i t t l e  energy information.  
The l i m i t a t i o n s  i n  energy range, e f f i c i e n c y ,  o r  r e s o l u t i o n  of 
detectors using e i t h e r  t h e  L i  (n , a )T  or the B l0 (n , a )L i7  r e a c t i o n  
a r e  so severe  t h a t  no f u r t h e r  d i scuss ion  i s  warranted. 
6 
3 The H e  ( n , p ) T  reaction is a very use fu l  one, for s e v e r a l  
reasons,, The r e a c t i o n  products,  a proton and t r i t o n ,  sha re  
the neutron energy p l u s  an  a d d i t i o n a l  760 keV, the Q-value of 
the r e a c t i o n ,  Thus the r eac t ion  of  a thermal neutron w i t h  H e  
r e s u l t s  i n  a peak a t  760 k e V  i f  the energy of  bo th  the  proton 
and t r i t o n  i s  collected. This 9-value energy i s  advantageous 
s i n c e  it provides  a b u i l t - i n  c a l i b r a t i o n  p o i n t  and ensu res  t h a t  
t h e  neutron energy i s  w e l l  above the energy of many background 
sources .  On the other hand, the  Q-value energy is l o w  enough 
t h a t  multichannel ana lyze r s  having a thousand o r  more channels 
o r  s t a b l e  b iased  a m p l i f i e r s  a r e  n o t  necessary t o  provide a 
small  enough energy channel w i d t h  t o  d i s t i n g u i s h  among neutron 
ene rg ie s  of 200 keV and less, O f  cons iderable  importance also 























is high  compared w i t h  other poss ib le  l i g h t  element r e a c t i o n s  
and has  no resonance s t r u c t u r e  t o  complicate a n a l y s i s ,  T h i s  
r e a c t i o n  has been u t i l i z e d  i n  a number of devices ,  among w h i c h  
the  most important are the H e 3 - f i l l e d  p ropor t iona l  counter  and 
the s o l i d - s t a t e  sandwich d e t e c t o r ,  
The earliest  H e 3 - f i l l e d  p ropor t iona l  counters ,  those of 
Bloom and Batchelor (ref. 7 ) ,  were l imited to  neutron ene rg ie s  
b e l o w  about 2 MeV because of t h e  o n s e t  of i n t e r f e r e n c e  f r o m  
the H e  (n,n)He3 s c a t t e r i n g  r eac t ion  and t h e  d i f f i c u l t y  of making 
c o r r e c t i o n s  f o r  t h i s  effect ,  Addi t iona l ly ,  the contamination 
of  H e 3  w i t h  H3 i s  troublesome, s i n c e  it r e s u l t s  i n  degradat ion 
o f  r e s o l u t i o n ,  These instruments can g ive  a r e s o l u t i o n  of 
10 pe rcen t  a t  1 MeV and an e f f i c i e n c y  of lO-*/neutron, 
3 
A r e c e n t  development of He3-filled p ropor t iona l  counters  
i s  Sayres8  use of pulse-shape d i sc r imina t ion  f o r  gamma- and 
hel ium-recoi l  r e j e c t i o n  (ref 8) , T h i s  device i s  u s e f u l  up t o  
10 MeV b u t  has the disadvantage t h a t  t he  pu l se  rise t i m e  d i s -  
c r imina t ion  method does not  operate  over the  f u l l  energy range 
for  a given s e t t i n g  used t o  achieve o p t i m u m  neutron de tec t ion ,  
The instrument  has  a cons t an t  r e s o l u t i o n  of approximately 
100 keV and an e f f i c i e n c y  of 10-4/neutron, 
i s  t h a t  knowledge o f  t h e  neutron d i r e c t i o n  i s  unnecessary, 
Another advantage 
The use of He3 a s  a converter  w i th  t h e  product  p a r t i c l e s  
being de tec t ed  by two s o l i d - s t a t e  d e t e c t o r s  w a s  pioneered by 
Dearnaley ( r e f  , 9) . I n  t h i s  de t ec to r  t h e  sum of the energy of 
pu l ses  i n  coincidence 
e l i m i n a t e s  background 
i s  recordedo The coincidence requirement 
from H e  r e c o i l s  and H3 decays as w e l l  as 3 
7 
reduces t h e  s e n s i t i v i t y  t o  gamma i n t e r a c t i o n s .  The r e s o l u t i o n  
i s  150 keV and the e f f i c i e n c y  i s  10-5/neutron. The m o s t  s e r i o u s  
d i f f i c u l t i e s  a r e  the large Si**(n,p) A12* and Si28(n,a)Mg25 c r o s s  
sect ions a t  neutron ene rg ie s  above 6 MeV and the l a r g e  gamma 
s e n s i t i v i t y ,  
I n  the spectrometer d e s i g n  d e v e l o p d  here, the f e a t u r e s  
o f  the H e 3 - f i l l e d  p ropor t iona l  counter  and the s o l i d - s t a t e  
sandwich  detector have been combined t o  t ake  advantage of their  
u s e f u l  p r o p e r t i e s  and to  p a r t i a l l y  e l imina te  the i r  drawbacks, 
2, Summary 
The above techniques and instruments  f o r  fas t -neut ron  
spectrometry a l l  have been used t o  make measurements of fast-  
neutron spectra i n  a v a r i e t y  of app l i ca t ions .  Each instrument  
has advantages t h a t  make it p a r t i c u l a r l y  use fu l  i n  some appl ica-  
t i o n s  b u t  disadvantages t h a t  make it i n a p p l i c a b l e  for  o t h e r  
s i t u a t i o n s ,  T h e  m o s t  f requent  disadvantages are l a c k  of reso lu-  
t i o n ,  l i m i t e d  energy range, high background, o r  some c o d i n a t i o n  
of t h e s e  t h r e e ,  Each type o f  spectrometer has  been appl ied  t o  
a specific type of measurement and has been l i m i t e d  t o  t h a t  
type of measurement, 
The recoil telescope requires ex tens ive  s h i e l d i n g  to  
e l i m i n a t e  t h e  l a r g e  background generated by s c a t t e r e d  neutrons 
and cannot make s p e c t r a l  measurements i n  an environment where 
the neutron source i s  o t h e r  than a p o i n t  o r  i s  a co l l imated  
beam, such as from a r e a c t o r  port .  
8 
Time-of-flight techniques have the i r  g r e a t e s t  u t i l i t y  i n  
measurement of angular  d i s t r i b u t i o n  of neutrons f r o m  ( X , n )  
reactions i n  w h i c h  the source can be pulsed a t  the appropr i a t e  
high speed requi red ,  The recoil telescope and spectrometers 
based on  l i g h t  element reactions cannot g e n e r a l l y  c o m p e t e  i n  
t h i s  a p p l i c a t i o n ,  and it i s  equal ly  clear t h a t  t ime-of-f l ight  
techniques a r e  no t  applicable f o r  spectral measurements of  an 
extended source ope ra t ing  cont inuouslyl  
The d e t e c t i o n  of the r eac t ion  products  of l i g h t  element 
r e a c t i o n s  w i t h  neutrons has the  s p e c i a l  advantages of being 
i n d i f f e r e n t  t o  the neutron d i r e c t i o n  and of responding continu- 
ous ly ,  
background t h a t  may be encountered, a l though t h i s  problem has  
been reduced by applying coincidence techniques and pulse-shape 
d i sc r imina t ion ,  
The major disadvantage of t h i s  technique i s  the high 
The following s e c t i o n  descr ibes  a neutron spectrometer 
3 t h a t  employs the H e  (n ,p)T r eac t ion  and has i n h e r e n t l y  good 
r e s o l u t i o n  and low background, Since i t  i s  one  of the class of 
spectrometers  t h a t  u t i l i z e s  t h e  d e t e c t i o n  of the products  of 
l i g h t  element r e a c t i o n s  w i t h  neutrons,  it has the d e s i r a b l e  
proper ty  of  isotropic and continuous response. 
B,  Combined H 3 - F i l l e d  Propor t iona l  Counter and Sandwich 
Spectrometer 
1 Descr ip t ion  
3 The use of the H e  ( n , p ) T  r eac t ion  as a neutron conver te r  
has s e v e r a l  advantages,  I f  t he  t o t a l  energy of the secondary 
9 
particles, t h e  proton and t r i t o n ,  i s  absorbed, the  spectrum 
recorded i s  e a s i l y  i n t e r p r e t e d .  Since t h i s  r e a c t i o n  has  a 
Q-value of 0,760 MeV, the energy f r o m  a recorded neutron i s  
w e l l  above m o s t  background. A r e s o l u t i o n  of 30 t o  50 k e V  can 
be achieved, Neutrons whose absolu te  ene rg ie s  are 2 t o  3 t i m e s  
t h i s  va lue ,  t h a t  i s ,  neutrons with ene rg ie s  as l o w  as 100 keV, 
produce peaks t h a t  can be resolved f r o m  the peak r e s u l t i n g  from 
t h e r m a l  neutrons.  The  c r o s s  s e c t i o n  of t h i s  r e a c t i o n  f r o m  
50 keV t o  15 MeV i s  shown i n  Figure 1 (ref ,  10) ., 
I n  the s i m p l e  s o l i d - s t a t e  sandwich spectrometer the prod- 
u c t s  of the reaction of neutrons wi th  He3 a t o m s  a r e  recorded 
i n  coincidence by t w o  s o l i d - s t a t e  charged-par t ic le  detectors, 
3 The coincidence requirement e l imina te s  H e  r e c o i l s  from the 
spectrum b u t  does n o t  e l imina te  t h e  spur ious  even t s  due t o  the 
H e  (n ,d)D r e a c t i o n ,  
pulse-shape d i sc r imina t ion  has been used t o  e l imina te  gama 
i n t e r a c t i o n  f r o m  the spectrum and t o  p a r t i a l l y  e l imina te  
spur ious  response f r o m  the H e  (n ,d)D r e a c t i o n ,  
3 I n  a He3-f i l led p ropor t iona l  counter  
3 
Theore t i ca l  cons idera t ions  i n d i c a t e  t h a t  a number of 
advantages can be r e a l i z e d  i f  a method t h a t  makes use of t h e  
volume of H e 3  gas p r e s e n t  i n  the s o l i d - s t a t e  sandwich spectrun- 
eter can be developed. The simplest arrangement i s  t o  use 
t h e  He3 gas  as a proportional counter.  
t i o n  w i l l  be achieved by adding t h e  energy deposi ted i n  t h e  
p ropor t iona l  counter  t o  t h a t  absorbed i n  t h e  s o l i d - s t a t e  charged- 
particle detectors. Much l o w e r  background w i l l  be achieved by 
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r e q u i r i n g  coincidence between the solid-state detector and the  
p o r p o r t i o n a l  counter.  
An ex tens ion  of the above use of H e 3  gas  a s  a propor- 
t i o n a l  counter  i s  t o  d i v i d e  the  volume i n t o  two p ropor t iona l  
counters .  Such an arrangement p r e s e n t s  the p o s s i b i l i t y  of us ing  
particle i d e n t i f i c a t i o n  techniques t o  e l imina te  gamma i n t e r -  
a c t i o n s ,  He3 r e c o i l s ,  deuterons f r o m  t he  H e  (n ,d)D r e a c t i o n ,  
a lpha particles f r o m  the Si28(n,=)Mg25 r e a c t i o n ,  and many of 
the p ro tons  from the S i  
3 
28 (n,p)A128 r eac t ion .  
The above i d e a s  w e r e  incorporated i n t o  a neutron spectrom- 
eter i n  w h i c h  t h e  gas  volume is d iv ided  i n t o  t w o  p ropor t iona l  
counters  separa ted  by a series of  w i r e s  t o  d e f i n e  t h e  electric 
f i e l d ,  Coincidence be tween the t w o  p ropor t iona l  counters  i s  
requ i r ed ,  A f u r t h e r  requirement i s  tha t  a proton be i d e n t i f i e d  
through i t s  (dE/dX)xE product. 
It  i s  i n s t r u c t i v e  t o  es t imate  the r e s o l u t i o n ,  e f f i c i e n c y ,  
and background t o  be expected f r o m  t h i s  basic system. 
2 ., Resolu t ion  
Available su r face -ba r r i e r  s o l i d - s t a t e  d e t e c t o r s  have 
pro ton  r e s o l u t i o n s  as l o w  as 20 k e V .  The t w o  simple p r o p o r t i o n a l  
coun te r s  can be designed w i t h  r e s o l u t i o n s  of 5 pe rcen t  a t  
100 keV and 20 pe rcen t  a t  10 keV, A t  l o w  neutron e n e r g i e s  the 
t w o  p ropor t iona l  counters  might be expected t o  share  100 k e V  
of energy between t h e m .  If t h e  sha r ing  i s  equal ,  the r e so lu -  
t i o n  i n  each counter  w i l l  be 3 keV. The e l e c t r o n i c  c o n t r i b u t i o n  

















a v a i l a b l e  a m p l i f i e r s ,  
y i e l d s  a f i g u r e  of 32 keV. Somewhat better s o l i d - s t a t e  detec-  
t o r s  are occas iona l ly  a v a i l a b l e ,  so t h a t  a r e s o l u t i o n  of 25 k e V  
m i g h t  be achieved, 
Summing these  c o n t r i b u t i o n s  i n  quadrature  
3, E f f i c i ency  
The e f f i c i e n c y  depends or? the s i z e  and t h e  spacing of t h e  
s o l i d - s t a t e  detectors and on  t h e  gas p res su re ,  
o t h e r  than  e s s e n t i a l l y  zero,  the  e f f i c i e n c y  i s  energy dependent 
and i s  s i g n i f i c a n t l y  so a t  neutron ene rg ie s  of 5 M e V  and h igher  
( re f ,  11) 
For spacings 
3 For a gas  p re s su re  of 2 atmospheres and a volume of 1 c m  , 
an e f f i c i e n c y  of lO-’/neutron can be achieved f o r  ene rg ie s  up 
t o  3 MeV, t h e  cross s e c t i o n  being r e l a t i v e l y  cons t an t  from 
0 ,3  to  3 MeV. Above 3 MeV the c r o s s  s e c t i o n  has  an approximate 
1/V dependence t o  beyond 14 MeV. 
4 Backqround 
The background t h a t  can  be expected i s  t h a t  from gamma 
i n t e r a c t i o n  i n  the gas and s o l i d - s t a t e  d e t e c t o r s  and f r o m  
neutron i n t e r a c t i o n  i n  t h e  s o l i d - s t a t e  detectors. 
For gamma i n t e r a c t i o n  i n  the gas ,  the m a s s  a t t e n u a t i o n  
2 c o e f f i c i e n t  i s  approximately 0,1 c m  /g a t  a photon energy of 
. 
50 keV and decreases a t  0.02 crnL/g a t  100 keV and h igher  
ene rg ie s  ( r e f ,  1 2 ) .  T h i s  implies  t h a t  t h e  e f f i c i e n c y  f o r  de- 
t e c t i n g  gamma rays i n  t h e  gas i s  (2 x 10-5/photon, 
electron t h a t  r e s u l t s  from t h i s  i n t e r a c t i o n  has a large range, 





















For example, f o r  a 50-keV e l e c t r o n  t h e  energy loss w i l l  be less 
than  1 k e V  per c e n t i m e t e r  i n  helium a t  1 atmosphere, and the 
energy depos i ted  i n  the gas by a g a m a  i n t e r a c t i o n  w i l l  r a r e l y  
be g r e a t e r  than  5 keV, T h i s  i s  much smaller than the energy 
deposited by a proton or t r i t o n ,  so t h a t  gamma i n t e r a c t i o n  
even t s  can be e l imina ted  from the p ropor t iona l  counter  channel 
on the basis of energy d i sc r imina t ion  alone. I n  a d d i t i o n  to  
the  energy d i sc r imina t ion ,  t h e  requirement of coincidence be- 
tween the propor t iona l  counters  reduces t h e  number of recorded 
gamma even t s  by a l a r g e  factor. A f i n a l  method of discr imina-  
t i o n  makes use of  t h e  p a r t i c l e  i d e n t i f i c a t i o n  technique,  which 
w i l l  be very e f f e c t i v e  for  d i s t i n g u i s h i n g  between e l e c t r o n s  
and pro tons ,  Energy d i sc r imina t ion ,  p ropor t iona l  counter  
coincidence,  and the particle i d e n t i f i c a t i o n  technique are a l l  
used 
Gamma i n t e r a c t i o n  i n  the  s o l i d - s t a t e  detector channels m a y  
r e s u l t  i n  many pu l ses ,  which w i l l  p i le  up i n  a charge-sens i t ive  
p reampl i f i e r ,  T h i s  d i f f i c u l t y  can be e l imina ted  by f a s t  g a t i n g  
i n t o  the charge-sensi t ive p reampl i f i e r  on ly  those p u l s e s  i n  
coincidence wi th  t h e  p ropor t iona l  counters .  These pileup 
effects and the i r  e l imina t ion  a r e  d iscussed  i n  d e t a i l  i n  Sec- 
t i o n  IVE, 
Neutron i n t e r a c t i o n  i n  the s i l i c o n  of  t h e  solid-state 
d e t e c t o r  i s  a somewhat more d i f f i c u l t  problem, The S i  (n,a)Mg 
r e a c t i o n  has  a threshold  of approximately 5 MeV: t h e  cross 
s e c t i o n  i s  300 m i l l i b a r n s  a t  8 MeV and decreases t o  35 m i l l i b a r n s  












28 a t  1 4  MeV ( r e f .  1 3 ) .  The Si (n,p)A12* r e a c t i o n  has a thresh-  
o l d  of approximately 4 MeV: t h e  c r o s s  section i s  500 m i l l i b a r n s  
a t  a neutron energy of 8 MeV and decreases  t o  250 m i l l i b a r n s  a t  
1 4  MeV (ref. 14 )  . 
I n  t h e  Si28(n,a)Mg25 reac t ion  t h e  alpha particle can be 
i d e n t i f i e d  by i t s  c h a r a c t e r i s t i c  (dE/dX)xE product  and thus  
e l imina ted ,  I n  t h e  S i  (n,p)A12* r e a c t i o n  e l imina t ion  of the 28 
pro ton  i s  not  possible. S ince  t h e s e  pro tons  are e m i t t e d  i so -  
t r o p i c a l l y  f r o m  the  s i l i c o n ,  t h e  geometry causes  some a t tenua-  
t i o n .  Some of the t i m e  both (dE/dX)xE d i sc r imina to r s  w i l l  
i d e n t i f y  a proton,  and t h i s  i s  n o t  allowed by the l o g i c  c i rcui t ,  
I t  is  expected t h a t  t hese  t w o  e f f e c t s  w i l l  reduce the background 
f r o m  t h i s  source t o  a level t h a t  i s  t o l e r a b l e ,  T h e  main back- 
28  ground c o n t r i b u t i o n  f r o m  the Si 
f r o m  14-MeV neutrons w i l l  occur a t  ene rg ie s  below 5 MeV, Since 
(n,p)A128 r e a c t i o n  r e s u l t i n g  
for  most neutron s p e c t r a  of i n t e r e s t  t h e  number of neutrons a t  
14 MeV i s  small  compared w i t h  the  number below 5 MeV, t h e  
i n t e r f e r e n c e  from t h i s  background source w i l l  be n e g l i g i b l e ,  
I n  those cases i n  which high-energy monoenergetic neutrons are 
expected, a background measurement taken  wi th  He4 i n  t h e  counter  
may be requi red .  
3 Another source of background i s  t h a t  from t h e  H e  (n ,d)D 
r e a c t i o n .  The background from t h i s  r e a c t i o n  is e l imina ted  by 
t h e  par t ic le  i d e n t i f i c a t i o n  c i r c u i t ,  which demands a pro ton  
before an event  can be recorded. 
Other possible sources  o f  background are i n t e r a c t i o n  of 
neutrons and gamma rays  i n  the chamber w a l l s  and w i r e s  and 
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i n t e r a c t i o n  of  charged p a r t i c l e s  from o u t s i d e  t h e  chamber wi th  
the w a l l s  or de t ec to r s .  The p r o b a b i l i t y  of  t h e  l a t te r  i s  
n e g l i g i b l e  because o f  t h e  coincidence and the p a r t i c l e  i d e n t i -  
f i c a t i o n  requirements. For t h e  s a m e  reason,  background from 
neutron i n t e r a c t i o n  i n  t h e  chamber w a l l s  i s  n e g l i g i b l e .  Gamma 
i n t e r a c t i o n  i n  t h e  w a l l s  may con t r ibu te  to  t h e  gamma background 
because t h e  high-energy e l e c t r o n s  being e j e c t e d  from the w a l l s  
may g ive  rise t o  a secondary emission of  e l e c t r o n s  having 
enough t o t a l  energy to  t r i g g e r  t h e  coincidence c i r c u i t .  
111. APPARATUS 
A, Detector Chamber 
1, Construct ion 
The d e t e c t o r  chamber i s  shown i n  P l a t e  I ,  and d e t a i l e d  
drawings a r e  shown i n  F igures  2 and 3 .  The chamber c o n s i s t s  of 
t w o  s i l i c o n  su r face -ba r r i e r  d e t e c t o r s  of 16-mm diameter 
separa ted  by 5 cm.  This  volume is div ided  by a series of seven 
OO004-in.-diameter s t a i n l e s s  s t e e l  w i r e s ,  which form a v i r t u a l  
wa l l  t h a t  e l e c t r i c a l l y  separates t h e  t w o  volumes. These w i r e s  
a r e  a t  chamber p o t e n t i a l .  Two wires 0.002 i n .  i n  diameter ,  
one i n  each volume and in su la t ed  f r o m  t h e  chamber, a r e  t h e  
anodes of each p ropor t iona l  counter.  S m a l l  glass-to-metal s e a l s  
(type 105-HT, The F u s i t e  Corp . )  a r e  used a t  one end of t h e  w i r e ,  
whi le  minia ture  hermetic  coaxia l  connectors  (type TISM, Phys ica l  
Sciences Corp.) are used a t  t h e  oppos i te  end. The s o l i d - s t a t e  
16 
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DRAWING OF THE CHAMBER BODY 
18 























DRAWING OF THE END PIECE OF THE CHAMBER 
‘I %2 
+counter bore 
- x G,deep 





















detectors a r e  mounted i n  t h e  ends of the chamber w i t h  a hermetic 
coaxial feedthrough connector (type C-14,  O a k  Ridge Technical 
En te rp r i se s )  , 
2. P ropor t iona l  Counter opera t ion  
The a r e a  of the  series of w i r e s  tha t  s e p a r a t e  the t w o  
p ropor t iona l  counter  volumes i s  small compared wi th  the t o t a l  
a r e a ,  and therefore the p r o b a b i l i t y  of s topping  a proton t h a t  
passes through th i s  a r e a  i s  neg l ig ib l e ,  
The e l e c t r i c a l  f i e l d  around each anode w i r e  i s  q u i t e  non- 
uniform because of the shape of t h e  chamber, This  r e s u l t s  i n  
a v a r i a t i o n  of gas m u l t i p l i c a t i o n  along the l eng th  of the  w i r e  
(ref. 15) . M o s t  even t s  of i n t e r e s t  w i l l  occur  near  the c e n t e r  
of the volume, where t h i s  v a r i a t i o n  i s  least  important.  The 
f a c t  t h a t  gas  m u l t i p l i c a t i o n  i s  l o w  (< lo )  also minimizes va r i a -  
t i o n ,  F i n a l l y ,  the a c t u a l  energy depos i ted  i n  the gas  i s  small  
compared wi th  t h a t  deposi ted i n  t he  s o l i d - s t a t e  d e t e c t o r s ,  so 
t h a t  the v a r i a t i o n  i n  pu l se  he ight  from the p ropor t iona l  
counters  has  a small  effect on  the ful l -width a t  half-maximum 
of  the  sum peak. 
G a s  p r e s s u r e s  f r o m  0.25 t o  2.0 atmospheres can be used. 
For t h e  l o w e s t  p re s su res ,  p o t e n t i a l s  of 500 to  600 v o l t s  are 
expected for  a gas m u l t i p l i c a t i o n  of 10 i n  a mixture of 90 
pe rcen t  He3  and 10 pe rcen t  C4H10 ( i sobutane)  . 
the vol tage  requi red  i n c r e a s e s  to  about 1000 v o l t s .  
A t  2 atmospheres 
Since these  counters  are t o  be used to  de r ive  a fas t -  
coincidence pu l se ,  it i s  important t o  know whether t h e  t i m i n g  
20 
accuracy w i l l  be adequate to achieve h igh  coincidence e f f i c i e n c y  
a t  r e s o l v i n g  t i m e s  (21;) of less than  100 nanosec and possibly 
a s  l o w  as  10 nanosec. The  e l e c t r o n  d r i f t  t i m e s  i n  t h e  90 per- 
c e n t  He3-10 percent  C4H10 m i x t u r e  a t  a vol tage  g r a d i e n t  of 
250 volts/cm and a p re s su re  o f  0.25 atmosphere 
3 x 10 c m / s e c .  T h i s  implies a p u l s e  rise t i m e  of about 300 
~ a n o s e c  i n  the p r o p r t i o n a l  colmters. Timing  accu rac i e s  of 
better than  50 nanosec should p re sen t  no problem, an expecta- 
t i o n  t h a t  i s  indeed borne o u t  i n  p r a c t i c e .  
i s  approximately 
6 
B. System E l e c t r o n i c s  
Figure 4 i s  a block diagram of  t h e  e l e c t r o n i c s .  The fou r  
p reampl i f i e r s  are Tennelec model TC-100Bs 
a t  zero i n p u t  capac i tance ,  
Tennelec TC-200s 
The amplifiers are of  t h e  resis tance-capaci tance d i f f e r e n t i a t i n g  
and i n t e g r a t i n g  type and have t i m e  cons t an t s  between 0.05 and 
having 2.5-keV noise  
The f o u r  main a m p l i f i e r s  are 
(Tennelec Instrument Co., oak Ridge, Tenn.) . 
1 2  microsec. The crossover-pickoff u n i t s  and t h e  fast-coincidence 
u n i t s  are Oak Ridge Technical En te rp r i se s  models 407 and 414, 
respectively. The f a s t  coincidence is v a r i a b l e  between 10 and 
110 nanosec. The adders ,  shown i n  Figure 5,  w e r e  designed and 
b u i l t  a t  I I T  Research I n s t i t u t e  and are based on t h e  c i r c u i t  
of Rogers ( r e f .  16 ) .  The major d i f f e r e n c e  between this c i r c u i t  
and t h a t  of Rogers' i s  t h e  modif icat ion t o  al low b i p o l a r  p u l s e s  



























The m u l t i p l i e r  c i r c u i t  (ref, 1 7 )  i s  based on the Hal l  
e f fec t ,  i n  which t h e  ou tpu t  voltage between t w o  edges of a s e m i -  
conductor wafer i s  given by 
Vx = KIyBz 7 (1) 
w h e r e  K i s  a cons t an t  c h a r a c t e r i s t i c  of the material, I is  the 
c u r r e n t  across the device perpendicular  t o  t h e  ou tpu t  vo l tage ,  
and B i s  t h e  magnetic f i e l d  perpendicular  t o  both  t h e  c u r r e n t  
and the vol tage.  
I n  gene ra l ,  it i s  d i f f i c u l t  t o  produce a r a p i d l y  changing 
magnetic f i e l d  i n  response to a c u r r e n t  pulse .  The magnetic 
f i e l d  i s  p ropor t iona l  t o  a cu r ren t  I ,  which f o r  the  pulse  of 
i n t e r e s t  must have rise t i m e s  of less than  1 microsec i n  o r d e r  
t o  handle high count rates. A p r a c t i c a l  H a l l  m u l t i p l i e r  u n i t  
h a s  an inductance of 50 ph and a maximum c u r r e n t  of 2.5 amperes. 
The  vo l t age  necessary t o  drive a 50-Ph inductance t o  2-5 
amperes i n  0.5 sec i s  given by 
d I  E = L -  d t  
T h i s  r e s u l t s  i n  a m a x i m u m  voltage of 250 v o l t s .  A c i r c u i t  wi th  
a s tanding  c u r r e n t  of 2.5 amperes a t  250 v o l t s  would d i s s i p a t e  
625 w a t t s ,  which i s  an impractical f i g u r e .  Therefore a more 
reasonable  approach w a s  sought. 
' The c i r c u i t  shown i n  Figure 6 minimizes d i s s i p a t i o n  by 
u s i n g t r a n s i s t o r s  w i t h  a high (400-volt) co l l ec to r - to -emi t t e r  
breakdown vol tage  i n  a switching c i r c u i t .  The inductances,  L1 





















and can supply t h e  c u r r e n t  to  the Ha l l  d e v i c e  a s  each t r a n s i s t o r  
i s  turned  off  as a r e s u l t  of t h e  nega t ive  par t  of a b i p o l a r  
i n p u t  pu l se ,  
Another necessary c i r c u i t  f o r  the m u l t i p l i e r  i s  the i n p u t  
c u r r e n t  d r i v e r  shown i n  Figure 7 ,  T h i s  c i r c u i t  produces a 
m a x i m u m  c u r r e n t  of 250 m a  f o r  an inpu t  of 10 v o l t s ,  
The ou tpu t  of the H a l l  m u l t i p l i e r  i s  10 m i l l i v o l t s  or less 
and must be amplif ied t o  a l e v e l  t h a t  ope ra t e s  a single-channel 
ana lyzer ,  This  ampl i f i ca t ion  is  done w i t h  the c i r c u i t  of 
Figure 8, 
Operation of the m u l t i p l i e r  based on the H a l l  effect  w a s  
d i sappoin t ing ,  Input  pu l se s  of less than  2-microsec  rise t i m e  
caused i n s t a b i l i t y  and o s c i l l a t i o n s ,  Such o s c i l l a t i o n s  fre- 
quen t ly  reached peak amplitudes exceeding t h e  breakdown vol tage  
of the switching t r a n s i s t o r s ,  When t h i s  occurred,  t r a n s i s t o r  
f a i l u r e  w a s  immediate, 
Because of these d i f f i c u l t i e s ,  w h i c h  made ope ra t ion  u n r e l i -  
able. a s  w e l l  as  the l a r g e  power supply r equ i r ed ,  o t h e r  means 
of performing t h e  m u l t i p l i c a t i o n  w e r e  sought,  O f  the methods 
i n v e s t i g a t e d ,  m u l t i p l i c a t i o n  based on t h e  characteristics of  
t h e  f i e l d - e f f e c t  t r a n s i s t o r  appeared t o  be t h e  m o s t  promising, 
An earlier i n v e s t i g a t i o n  had ind ica t ed  t h a t  f i e l d - e f f e c t  mult i -  
p l iers  w e r e  u s e f u l  f o r  low-frequency continuous s i n e  waves bu t  
could no t  be r e a d i l y  adapted t o  t h e  m u l t i p l i c a t i o n  of f a s t  
pu l ses ,  The subsequent pub l i ca t ion  of s e v e r a l  papers (ref 18) 














and t h e  a v a i l a b i l i t y  of high-frequency devices  requi red  reevalua- 
t i o n  of t h i s  conclusion. 
The c i r c u i t  of Highlegman ( re f .  19) w a s  s tud ied  and a 
similar m u l t i p l i e r  constructed.  
the u s e f u l  properties of low power d r a i n  and s impl i c i ty .  
Pre l iminary  tests ind ica t ed  t h a t  it i s  stable, reasonably 
l i n e a r ,  and probably reliable. Pu l ses  wi th  rise t i m e s  a s  short 
a s  0.2 microsec could be mult ip l ied .  Thus a m u l t i p l i e r  of t h i s  
gene ra l  type is  w e l l  su i ted  for i n c l u s i o n  i n  the instrument  
package of the fast-neutron spectrometer, e s p e c i a l l y  i n  view of 
its u l t i m a t e  a p p l i c a t i o n  as a f l y a b l e  instrument.  
This  m u l t i p l i e r  c i r c u i t  has  
The l o g i c  c i r c u i t  tha t  conta ins  the Itexclusive or"  ( n o t  
and) func t ion  and the s l o w  coincidence i s  a s i m p l e  half-adder 
of t h e  i n t e g r a t e d  c i r c u i t  v a r i e t y  toge ther  w i t h  a s i m i l a r  dua l  
two-input gate. The half-adder performs the coincidence and 
inve r s ion  func t ion ,  while  t h e  adder gene ra t e s  an an t ico inc idence  
pu l se  fo r  the "exclusive or" funct ion.  The output  of t h i s  
c i r c u i t  t r i g g e r s  a un iv ib ra to r  used t o  open t h e  analyzer  gate. 
C, System Operation 
The ope ra t ion  of t h e  complete system and t h e  logic requi re -  
-. 
ments are as f o l l o w s .  
to  produce t r i t o n  and a proton. 
enough energy i n  t h e  two  propor t iona l  counters  t o  tr igger bo th  
crossover  pickoff  u n i t s .  
r e l a t e d  i n  t i m e  so t h a t  they  trigger t h e  fast-coincidence cir- 
c u i t ,  
A neutron i n t e r a c t s  w i t h  a He' nucleus 
The two particles must d e p o s i t  
These two p u l s e s  are requi red  t o  be 




the r ecogn i t ion  of a p ro tcn  must  be t r igge red .  
recorded i n  t h e  f o u r  d e t e c t o r s  i s  summed, and t h i s  pu l se  i s  
p resen ted  to  a multichannel analyzer  f o r  a n a l y s i s  i f  t he  pre- 
v ious  logic requirements have been m e t .  
The energy 
IV. EXPERIMENTAL 
A. Test inq  of System Components 
Before the system w a s  operated i n  a neutron environment, 
a number of tests w e r e  made t o  v e r i f y  proper  ope ra t ion  of t h e  
s y s t e m .  
1. Propor t iona l  Counter Tests 
The p ropor t iona l  counters  w e r e  i n i t i a l l y  f i l l e d  t o  0.5 
4 atmosphere wi th  H e  
D r i f t  v e l o c i t i e s  a r e  a funct ion of  both t h e  gas mixture and t h e  
app l i ed  vo l t age ,  so that  a t  a given pressure  a gas mixture and 
a vo l t age  can be chosen t o  produce m i n i m q  cons tan t  d r i f t  t i m e s  
through t h e  s e n s i t i v e  volume of the counter.  
ages  of less than 1 percent ,  t h e  d r i f t  t i m e  appeared uniform 
b u t  r e s o l u t i o n  su f fe red  because t h e  range of t h e  p ropor t iona l  
r eg ion  w a s  cont rac ted .  As t h e  amount of C4H10 w a s  increased  t o  
10 pe rcen t ,  t h e  p ropor t iona l  counters  became stable and l i n e a r ,  
These tests w e r e  made w i t h  a Po *lo alpha source i n s i d e  the 
counter  e 
mixed wi th  va r ious  percentages of C4H10. 
For C4H10 percent-  
The r e s o l u t i o n  of t h e  propor t iona l  counter  was measured a t  
0.25, 0.5, and 1.0 atmosphere of 90 pe rcen t  He4  and 10 pe rcen t  
‘qH1O - Tl-izse measurements were m a d e  by o p e r a t i n g  a p ropor t iona l  
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counter  and a s o l i d - s t a t e  detector i n  coincidence to  ensure 
t h a t  on ly  those alpha p a r t i c l e s  t h a t  passed through the c e n t r a l  
part  of  the propor t iona l  counter w e r e  recorded, These r e s u l t s  
i n d i c a t e d  a r e s o l u t i o n  of 10 percent  a t  1 MeV and 0,25 atmosphere 
p r e s s u r e ,  A t  the h igher  pressure of 1,0 atmosphere, the resolu-  
t i o n  increased  t o  20 percent ,  These r e s o l u t i o n  f i g u r e s  a r e  
p r i n c i p a l l y  determined by the  nonuniform electric f i e l d  g r a d i e n t  
and the consequent nonconstant g a s  m u l t i p l i c a t i o n .  These 
r e s o l u t i o n  f i g u r e s  a r e  disappoint ing,  b u t  i t  i s  considered t h a t  
a s l i g h t  change i n  the geometry w i l l  minimize t h i s  effect  and 
improve the r e s o l u t i o n  s u b s t a n t i a l l y ,  
2 ,  So l id-Sta te  Detector Tests 
The alpha r e s o l u t i o n  of both s o l i d - s t a t e  d e t e c t o r s  w a s  
measured w i t h  t h e  chambers evacuated, This  r e s o l u t i o n  was found 
t o  be 4 8  k e V  f o r  d e t e c t o r  A and 38 k e V  f o r  d e t e c t o r  Bo The 
noise  due t o  t h e  cable and o ther  capac i tances  was found t o  be 
25 keV, 
r e l a y  p u l s e r  t o  d e p o s i t  a known q u a n t i t y  of charge i n t o  t h e  
i n p u t  of t h e  p reampl i f i e r  with t h e  d e t e c t o r s  connected t o  t h e  
preamplifiers and wi th  b i a s  appl ied ,  
T h i s  r e s u l t  was measured by using a calibrated mercury 
The manufacturers '  s p e c i f i c a t i o n  f o r  t h e  r e s o l u t i o n  of 
d e t e c t o r  A i s  41 keV and f o r  de t ec to r  B i s  27 keV, These 
f i g u r e s ,  when added quadracly to the  system noise  (25 keV), 
correspond c l o s e l y  t o  t h e  measu red  r e s o l u t i o n s  
I f  the noise  w i d t h s  of these  detectors, 32 k e V  f o r  detector 






r e s o l u t i o n ?  t h e  best possible r e s o l u t i o n  t h a t  can be expected 
f o r  the spectrometer i s  54 keV. 
3 Coincidence Measurements 
Coincidence e f f i c i e n c y  was measured, again by using the 
p u l s e s  as  a simulated s i g n a l  source, For any r e so lv ing  t i m e  
between 10 and 100 nanosec the e f f i c i e n c y  was 100 pe rcen t  for 
p u l s e s  greater than  0-2 v o l t  i n t o  the crossover  pickoff  u n i t s ,  
This  w a s  t r u e  for any RC t i m e  cons tan ts  be tween 0.2 and 4 
microsec f o r  the p ropor t iona l  counters  and between 0,05 and 
4 microsec for  the s o l i d - s t a t e  d e t e c t o r s ,  N o  f i xed  de lay  was 
requi red  t o  achieve 100 percent  coincidence e f f i c i e n c y  for  any 
s e t t i n g  of t h e  amplifier t i m e  constants .  T h i s  i n d i c a t e s  tha t  
charge c o l l e c t i o n  t i m e  is c lose ly  matched i n  these  counters  f o r  
a given h igh  vol tage ,  i n  spite of t h e i r  unusual geometryo 
The poorer of the  two s o l i d - s t a t e  d e t e c t o r s  exh ib i t ed  a 
rounded l ead ing  edge and s l o w e r  rise t i m e  of the p reampl i f i e r  
pu lse ,  This  e f f e c t  is  a t t r i b u t e d  t o  c a r r i e r  t rapping ,  which 
reduces the c a r r i e r  mobi l i ty ,  Because of t h i s  e f f e c t ,  a f ixed  
de lay  of 100 nanosec w a s  required between t h i s  d e t e c t o r  and the 
o t h e r  t o  achieve proper t iming of  coincidence pu l ses ,  
4 ,  D r i f t  of E lec t ron ic s  and Detectors 
By monitoring t h e  alpha peaks occurr ing  i n  the t w o  so l id -  
s ta te  d e t e c t o r s  i t  i s  poss ib l e  t o  a s c e r t a i n  whether any s ign i -  
f i c a n t  d r i f t s  occur  i n  the s o l i d - s t a t e  detectors o r  the 
e l e c t r o n i c s ,  Long-term s t u d i e s  of t h i s  effect  before  and af ter  
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s u b s t a n t i a l  , i n t e g r a t e d  gamma and neutron doses showed t h a t  
detector B d i d  not  d r i f t  a measurable amount f o r  any t i m e  up to  
24 hours ,  On the  other hand, detector A ,  t h e  d e t e c t o r  having 
the poorer r e s o l u t i o n  and the s l o w e r  rise time:did d r i f t  a 
s e r i o u s  amount. I n  one ins tance  the amount of d r i f t  w a s  4 per- 
c e n t  ove r  a 16-hour per iod.  The amount of d r i f t  w a s  greatest 
d u r i ~ g  the first few b u r s  of o p e r a t i o n  af ter  the detector bias 
vo l t age  had been removed and reappl ied.  For s e v e r a l  hours after 
the b i a s  had been slowly reappl ied ,  the detector and preampli- 
fier exh ib i t ed  high n o i s e  and i n s t a b i l i t y ,  b u t  as the system 
aged, t h i s  e f f e c t  diminished, A f t e r  24 hours  of ope ra t ion  a t  
200 v o l t s ,  stable ope ra t ion  was u s u a l l y  aga in  possible. Such 
behavior i s  not  typical of su r face -ba r r i e r  d e t e c t o r s  and i s  
probably t h e  r e s u l t  of t h e  poor q u a l i t y  of t h i s  p a r t i c u l a r  de- 
tector, Usually high-resolut ion d e t e c t o r s  do n o t  e x h i b i t  such 
effects al though it is gene ra l ly  recommended t h a t  bias be 
app l i ed  slowly t o  any detector, 
The above d r i f t  problem was no t  i n i t i a l l y  apparent  t o  m o r e  
than  an  i n s i g n i f i c a n t  e x t e n t  b u t  became p rogres s ive ly  m o r e  
pronounced a f t e r  neutron i r r a d i a t i o n ,  The worst case of d r i f t  
occurred when t h e  d e t e c t o r  b i a s  w a s  removed and then  r e s t o r e d  
a f t e r  a neutron dose of approximately 10l1 "I' accumulated dur ing  
experiments extending over  s eve ra l  weeks Resolu t ion  i n  t h e  
d e t e c t o r s  d i d  no t  d e t e r i o r a t e  a f t e r  t h i s  dose,  
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B, Neutron Response t o  I s o t o p i c  Sources 
The f i r s t  a t tempt  t o  record neutrons made use of a small  
PuBe isotopic source.  This  source has a y i e l d  of approximately 
10 /sec, With the 1-in. x 2-in. c y l i n d r i c a l  neutron source 
p a r a l l e l  to  t h e  neutron de tec to r ,  i t  i s  es t imated  t h a t  a m a x i -  
mum of 10  neutrons/sec passes through the s e n s i t i v e  gas volume 
of t h e  detectors, S ince  even a t  t h e  m a x i m u m  c r e d i b l e  neutron 
e f f i c i e n c y  only  1 neutron/sec would be recorded, a spectrum 
could n o t  be obta ined  i n  a reasonable t i m e .  As la ter  r e s u l t s  
v e r i f i e d ,  the e f f i c i e n c y  a t  the  0.5 atmosphere p res su re  used 
w a s  on ly  lOW6/neutron, so t h a t  more than  about 300 countsfiour 
d i s t r i b u t e d  over  s o m e  200 channels could not  be expected. 
6 
5 
I n  t h e  first run  i n  which coincidence w a s  requi red  between 
t h e  s o l i d - s t a t e  detectors, a low-energy t a i l  was observed. It 
was a t t r i b u t e d  t o  gamma-ray i n t e r a c t i o n  i n  t h e  s o l i d - s t a t e  
detectors, This  assumption was v e r i f i e d  by p l a c i n g  a 4-111.- 
t h i c k  l ead  s h i e l d  around t h e  de t ec to r ,  The response t o  gammas 
w a s  sharply reduced, The r e s idua l  background w a s  a t t r i b u t a b l e  
t o  t h e  4.43-MeV gamma r a y s  r e s u l t i n g  f r o m  t h e  B e  (a ,n)C 
r e a c t i o n ,  which leads t o  the 4.43-MeV l e v e l  i n  C12 (ref.  20) . 
The s h i e l d i n g  w a s  n o t  e f f e c t i v e  for  t h i s  gamma energy. 
9 1 2 f  
Surrounding t h e  source with 6 in .  of p a r a f f i n  t o  moderate 
t h e  f a s t  neutrons r e s u l t e d  i n  a thermal peak, a l though the 
e f f i c i e n c y  w a s  s t i l l  q u i t e  l o w  because of t h e  increased  separa- 
t i o n  requi red .  
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The use of t h e  higher-yield IITRI ABC (americium-beryllium- 
:. ciirium) source proved t o  be advantageous. This source has  a 
yield of approximately lo7 neutrons/sec, although i t s  f i s s i o n -  
product  gamma f lux  i s  much higher than the gamma f l u x  f r o m  the  
PuBe source.  T h i s  f l u x  w a s  measured as  30 mR/hour a t  1 foot 
and approximately 1 R/hour a t  t h e  sur face .  With a coincidence 
being r e v i r e d  between t h e  solid-state d e t e c t o r s ,  a g a r i a  back- 
ground of 300 counts/min was recorded. U s e  of  t h e  gamma s h i e l d  
p rev ious ly  cons t ruc ted  reduced the  background t o  30 counts/min, 
the  r e s i d u a l  r e s u l t i n g  f r o m  t h e  alpha source i n s i d e  the  chamber, 
I t  w a s  necessary t h a t  the complete s e t u p  of detector and 
source be surrounded by pa ra f f in  t o  reduce the r a d i a t i o n  hazard 
i n  surrounding areas. T h e  neutron spectrum f r o m  t h i s  source 
was t hus  cons iderably  dis tor ted by t h e  l a r g e  f l u x  of p a r t i a l l y  
thermalized neutrons.  Figure 9 shows a spectrum of the ABC 
source recorded dur ing  a 72-hour run  under these  cond i t ions ,  
L i t t l e  s t r u c t u r e  i s  d i s c e r n i b l e  except f o r  t h e  broad peak a t  
4 t o  5 MeV, This  i s  t h e  major peak observed i n  the  spectrum of 
an  americium-beryllium source (ref. 20), and t h e  r i s i n g  spectrum 
below 4 MeV i s  approximately t h a t  expected i n  t h i s  environment, 
An energy bias w a s  used to  e l imina te  the very l a r g e  thermal 
peak t h a t  would have occurred a t  an energy of 760 keV. N o  
measurable d r i f t  occurred during t h i s  i n t e r v a l ,  as was v e r i f i e d  
by not ing  t h a t  t h e  alpha peaks f r o m  each solid-state detector 
s t i l l  occurred a t  the same channel number, 
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Figure 10 shows the t h e r m a l  peak r e s u l t i n g  from moderated 
neutrons Resolut ion information can be der ived  f r o m  t h i s  
peak, although the w i d t h  i s  broadened because of the l a r g e  
cross s e c t i o n  of the Hej (n ,p)T r e a c t i o n  a t  ene rg ie s  up t o  50 
k e V  and the l a r g e  neutron f luxes  there, The half-width of t h i s  
peak i s  100 keV, which represents maximum r e s o l u t i o n ,  If the 
energy spread of  the neutrons con t r ibu t ing  t o  t h i s  peak i s  
ignored and only  t h e  energy spread due t o  the p ropor t iona l  
counters  i s  considered,  a more r ea l i s t i c  r e s o l u t i o n  can be 
c a l c u l a t e d  w i t h  s o m e  confidence, The energy spread due t o  the 
p ropor t iona l  counters  a t  a pressure  of 0,5 atmosphere i s  75 2 5 
keV, This  f i g u r e  g i v e s  a r e s o l u t i o n  of 66 + l2 keV, - 6  
I n  a second experiment carried o u t  w i t h  the  ABC neutron 
source coincidence information was taken f r o m  the p ropor t iona l  
counters ,  The reduct ion  i n  gamma background i n  t h i s  mode w a s  
s t r i k i n g ,  N o  gamma background was recorded i n  s e v e r a l  hours 
w i t h  90 percent  H e  and 10 yercerli Z Ei i n  t he  de tec to r  t o  d 
pres su re  of 0,25 atmosphere, N o  s h i e l d i n g  was requi red  t o  
record the neutron spectra, 
4 
4 10 
An unshielded spectrum of the ABC source i s  shown i n  
Figure 11, 
and a t y p i c a l  background spectrum i s  shown i n  Figure 12, I n  
the background spectrum the 5,3-MeV alpha peak of Po 210 i s  t h e  
p r i n c i p a l  component, The s m a l l  broad peak a t  4 MeV i s  due t o  
alpha s c a t t e r i n g  i n  t h e  wa l l s  of t h e  chamber, A t  the low 
p res su res  used i n  these  experiments, adding t h e  p ropor t iona l  
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counter  energy t o  t h e  s o l i d - s t a t e  energy w a s  n o t  gene ra l ly  
worthwhile because very  l i t t l e  energy was a c t u a l l y  deposi ted 
i n  the gas ,  
i d e n t i c a l  t o  t h a t  recorded i n  the previous experiment, 
s t r u c t u r e  i s  p r e s e n t  i n  t h i s  spectrum, and a s m a l l  peak occurs  
a t  approximately 5.5 MeV. T h e  e f f i c i e n c y  w a s  s t i l l  too s m a l l  
t o  r e so lve  a l l  t h e  expected peaks f r o m  the background. 
The r e s o l u t i o n  of the thermal peak was e s s e n t i a l l y  
More 
C, Measurements w i th  Van de Graaff-Produced Neutrons 
The I I T R I  2-MeV V a n  de Graaff f a c i l i t y  was u t i l i z e d  t o  
genera te  beams of neutrons from the D-D r e a c t i o n  and the D-T 
r eac t ion .  These r e s u l t s  are usefu l  i n  making a gene ra l  assess-  
ment of t h e  spectrometer operat ion.  
1, D-D Neutron Measurements 
The I I T R I  Van de Graaff  generates  neutrons up t o  5 MeV by 
using t h e  r e a c t i o n  of deuterons on a t i t an ium t a r g e t  conta in ing  
adsorbed deuterium. This  t a r g e t  i s  t h i c k  compared t o  t h e  range 
of a 2-MeV deuteron, 
energy between 0 and 2 MeV is v i r t u a l l y  cons t an t ,  t h e  neutron 
f l u x  a t  any angle  con ta ins  a spectrum of neutron ene rg ie s  
r e s u l t i n g  from deuterons of  a l l  e n e r g i e s  up t o  t h e  maximum, 
Figure 13 shows a family of curves g iv ing  t h e  range of energy 
of  neutrons emitted a t  a given angle  a s  a func t ion  of t h e  
i n i t i a l  deuteron energy., From these curves an  angle  t h a t  
produces the minimum spread i n  neutron energy can be selected, 






















A second f a c t o r  t h a t  in f luences  the  energy spread i s  the 
angular  spread r e s u l t i n g  from the non-zero s i z e  of the source,  
A t h i r d  factor i s  the non-zero sol id  angle  subtended by the 
Reutron d e t e c t o r ,  To achieve the minimum energy spread t h e  
neutron detector is  placed a t  an angle  of 120° w i t h  respect t o  
the deuteron b e a m ,  A t  t h i s  angle the d i f f e r e n t i a l  c r o s s  s e c t i o n  
i s  a minimum, and t h u s  t he  y i e ld  i s  poor. For angles  near 
e i ther  Oo or  180° the y i e l d  i s  g r e a t e r  by a factor o f  3 ,  
Figure 14 shows  a spectrum of neutrons f r o m  the D-D r e a c t i o n  
for  an angle  of 140° w i t h  r e spec t  t o  the deuteron beam., The 
deuteron beam energy w a s  1,5 MeV a t  a c u r r e n t  of 65 microamperes, 
A t  t h i s  angle  t h e  average neutron energy i s  2,04 MeV, 
The i n t r i n s i c  fu l l -wid th  a t  half-maximum energy spread for  
t h e  neutron beam a t  140° i s  approximately 100 keV, Although 
the a d d i t i o n a l  spread due t o  t h e  t a r g e t  s i z e  can be neglected,  
the spread due t o  the area subtended by the s e n s i t i v e  volume 
of the neutron spectrometer in t roduces  a f u r t h e r  broadening of 
the energy p r o f i l e ,  This  broadening could be minimized by 
moving the d e t e c t o r  f u r t h e r  away f r o m  t h e  t a r g e t ,  a t  t h e  ex- 
pense of a decrease i n  b e a m  i n t e n s i t y  as w e l l  a s  a r a p i d  i n c r e a s e  
i n  t h e  r a t i o  of  t h e  scattered t o  t h e  d i r e c t  component of t h e  
neutron flux, For t h i s  spectrum the  c e n t e r  o f  t h e  d e t e c t o r  was 
4 i n ,  f r o m  the target, The angular spread produced by t h e  
s i z e  of the s e n s i t i v e  volume of t h e  detector was, very approxi- 
mater ly ,  an a d d i t i o n a l  50 keV. Because of  t h e  poor s t a t i s t i c s  
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SPECTRUM OF 2.04 MeV NEUTRONS FROM THE D-D REACTION AT 140" 
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measured, although the  width of t h i s  peak i s  c e r t a i n l y  not  
broader  than t h e  expected width of 150 keV. 
Examination of the thermal peak i s  a l s o  of interest .  I t  
can y i e l d  some informat ion  on the r e so lu t ion  of the  d e t e c t o r ,  
especially s ince  the  s t a t i s t i c s  f o r  t h i s  peak are 1 percen t  o r  
better. I f  t h e  peak w e r e  due to thermal neutrons only,  it 
would have a w i d t h  equal  t o  the r e s o l u t i o n  of  t h e  d e t e c t o r  
inc luding  a con t r ibu t ion  due t o  the l o s s  of energy i n  t h e  gas.  
T h i s  loss i s  expected t o  cont r ibu te  an a d d i t i o n a l  75 keV if no 
add i t ion  i s  performed t o  account f o r  t he  l o s s  of  energy i n  t h e  
gas  of t h e  propor t iona l  counters.  The measured width i n  t h i s  
spectrum i s  109 keV. The expected r e so lu t ion ,  due t o  the  
solid-state d e t e c t o r  r e so lu t ion  and the  v a r i a t i o n  of energy 
los t  i n  t h e  gas,  i s  100 keV, I f  t he  75-keV v a r i a t i o n  i n  the 
energy loss due t o  the  gas  i s  considered, the  r e s o l u t i o n  i s  
79 - + '30 This  f i g u r e  i s  i n  good agreement wi th  the  prev ious ly  
determined value.  
Figure 15 shows a spectrum taken a t  170° wi th  respec t  t o  
t h e  beam, The half-width of t h e  neutron energy p r o f i l e  a t  
t h i s  angle  i s  230 keV, and t h e  measured half-width of t h e  peak 
is  also  230 keV. The spectrometer was 7 i n ,  from t h e  t a r g e t ,  
A t  t h i s  d i s t ance  t h e  energy spread due t o  t h e  subtended s o l i d  
angle  i s  small  compared wi th  t h e  large i n t r i n s i c  energy spread, 
T h i s  spectrum has a peak a t  0.9 MeV. The primary neutron 
energy i s  1.76 MeV, and the  d i f f e rence  corresponds very  c l o s e l y  
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target holder  i s  made of s teel ,  t h e  occurrence of this peak i s  
evidence support ing proper opera t ion  of t h e  spectrometer ,  The 
cross s e c t i o n  leading  t o  t h i s  s ta te  i s  n o t  known, so tha t  a 
r e l a t i v e  pu l se  height cannot be ca lcu la t ed ,  A peak correspond- 
i n g  t o  t h i s  d i f f e r e n c e  (0.85 MeV) a l s o  occurred i n  s p e c t r a  
taken a t  140°, w h e r e  the neutron energy i s  2.0 MeV. T h i s  
f i nd ing  i n d i c a t e s  t h a t  the  peak i s  real  and i s  n o t  a spur ious  
response of the spectrometer,, 
Figure 16 shows a neutron spectrum again  taken a t  170°, 
Although the  s t a t i s t i c s  a r e  better, a t  5 , 3  MeV the poorer  detec- 
tor  d r i f t e d  s o m e  8 channels,  w h i c h  a t  t h e  neutron energy peak 
corresponds t o  3 channels,  This d r i f t  worsened t h e  r e s o l u t i o n  
and obscured t h e  peak t h a t  should have occurred a t  0.9 MeV, 
2, D-T 14.8-MeV Neutron Measurements 
3 The cross s e c t i o n  of t he  H e  (n ,p)T r e a c t i o n  i s  approxi- 
mately 150 m i l l i b a r n s  a t  1 4 , 8  MeV. This  i s  a f a c t o r  of 5 less 
than  the  2-MeV c r o s s  section, Since i n  the p r e s e n t  d e t e c t o r  
geometry t h e  geometric e f f i c i e n c y  i s  a l s o  l o w e r  by a f a c t o r  
of 5 a t  1 4  MeV than  it i s  a t  2 MeV, the o v e r a l l  d e t e c t o r  e f f i -  
c iency  w i l l  be l o w e r  by a f a c t o r  of 25 a t  1 4  MeV than it i s  a t  
2 MeV. Because of  t h i s  g r e a t l y  decreased neutron d e t e c t i o n  
e f f i c i e n c y ,  a neutron dose s u f f i c i e n t  t o  damage the  s o l i d - s t a t e  
d e t e c t o r  w i l l  be accumulated i n  a t i m e  much less than  t h e  t i m e  
requi red  t o  achieve a precision measurement of r e s o l u t i o n  and 
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Figure 1 7  shows a spectrum of the r e s u l t s  of a run w i t h  
14,8-MeV neutrons,  T h e  spectrum extends t o  12 MeV, and a s m a l l  
peak occurs  a t  approximately 1 4  MeV, The r e s o l u t i o n  of t h i s  
peak cannot be determined wi th  confidence,  a l though i t  appears 
t o  be no more than 300 keV wide, T h i s  value i s  i n  agreement 
w i t h  the  expected w i d t h  of the neutron energy spectrum of 250 
k e V ,  
Do Response i n  the Reactor 
The spectrometer was operated i n  the  f l u x  f r o m  one o f  the 
ports i n  the I I T R I  75-I@? r e a c t o r ,  Although t h i s  port con ta ins  
no moderator, a l a r g e  f l u x  of thermal neutrons i s  p resen t ,  
This  f l ux  i s  reduced by enclosing the spectrometer i n  a cadmium 
s h i e l d  0.25 i n .  t h i c k ,  an amount of  m a t e r i a l  t h a t  should have 
no effect  on t h e  fas t -neut ron  spectrum, 
A spectrum of r e a c t o r  fas t  neutrons i s  shown i n  Figure 18, 
T h i s  spectrum w a s  made w i t h  the detector f i l l e d  t o  1 atmosphere 
The reactor w a s  opera- of 90 pe rcen t  H e  
t i n g  a t  100 w a t t s ,  t h e  neutron f l u x  was 2 x 10 /sec above 
0,2 MeV based on f o i l  measurements, and the  gamma f l u x  w a s  
100 R/hour. 
3 and 10 percent  C4Hlo0 
6 
The s i g n i f i c a n t f e a t u r e s o f  t h i s  spectrum are t h e  broad 
peak a t  2,O MeV, extending t o  3,5 MeV, and a smaller peak a t  
1,25 MeV, The presence of the s m a l l e r  peak was n o t  prev ious ly  
suspected s ince  s p e c t r a l  measurements had been performed w i t h  
the f o i l  technique exc lus ive ly ,  which y i e l d s  on ly  broad energy 
groups,  The r e a l i t y  of t h i s  peak deserves  f u r t h e r  i n v e s t i g a t i o n ,  
11 
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I n  t h e  energy reg ion  below about 0.5 MeV and extending 
down t o  approximately 100 keV, an approximately 1/E neutron 
spectrum i s  expected,, 
1 /V  i n  t h i s  region,  t h e  spectrometer response can be c a l c u l a t e d  
on t h i s  basis and compared w i t h  the measured response. 
Since the  H e  3 (n ,p)T response i s  nea r ly  
The  
spectrometer should e x h i b i t  a response approximately propor- 
t i o n a l  t o  E- 3/20 Measurements on s e v e r a l  spectra v e r i f i e d  t h i s  
assumption, 
To check the gamma response of t h e  spectrometer, the H e  3 
g a s  w a s  rep laced  w i t h  He4,  and s e v e r a l  runs w e r e  made with and 
wi thout  the cadmium shield,  No response above t h a t  due to  the  
i n t e r n a l  alpha source was observed, even a t  f u l l  reactor p o w e r ,  
a t  which p o i n t  t h e  gamma f i e l d  w a s  more than l o 4  R/hour, 
d e t a i l e d  information concerning t h e  gamma response i s  contained 
i n  the  fol lowing section, 
More 
From t h e  response of t h e  spectrometer i n  the approximately 
known fast-neutron f l u x  from t h e  r e a c t o r ,  f a i r l y  d e t a i l e d  in-  
formation can be derived concerning the average e f f i c i e n c y ,  
Summing the number of counts  above 0,2 MeV i n d i c a t e s  an e f f i -  
c iency  of 2 x loe6 counts  per f a s t  neutron, 
s e c t i o n  does n o t  vary r a p i d l y  between 0.5 and 4 MeV, t h i s  value 
can be taken a s  t h e  efficiency throughout t h i s  region.  
Since t h e  cross 
Neutron spectra of t h e  r e a c t o r  ope ra t ing  a t  500 w a t t s  and 
1 kW w e r e  recorded and a r e  e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  
recorded a t  100 wa t t s ,  
a s soc ia t ed  wi th  the  multichannel ana lyzer  was l imited t o  
The coincidence-gate opening c i r c u i t  
52 
approximately lo4 counts/min fo r  reliable ope ra t ion ,  and thus  
o p e r a t i o n  i n  t h e  reactor f l u x  was l i m i t e d  t o  l e v e l s  correspond- 
i n g  t o  10 w a t t s ,  s i n c e  a t  10 w a t t s  t h e  l a r g e  thermal neutron 
cross s e c t i o n  i n  t h e  H e  (n ,p)T r e a c t i o n  produced l o 4  counts/min 
even wi th  the  cadmium s h i e l d ,  
3 3 
3 
These reactor spectra i l l u s t r a t e  a d i f f i c u l t y  i n h e r e n t  i n  
the measurement of a spectrum i n  which the  number of neutrons 
as  a func t ion  of energy v a r i e s  by s e v e r a l  o r d e r s  of magnitude. 
I n  such a s i t u a t i o n ,  a s  i s  gene ra l ly  the case i n  r e a c t o r s ,  it 
may be i m p o s s i b l e  to  measure the  complete spectrum wi th  a s i n g l e  
detector i n  a reasonable  t i m e ,  even though t h e  detector responds 
uniformly over  t h e  f u l l  energy range. Count rate r e s t r i c t i o n s  
imposed by t h e  high f l u x  region may seve re ly  l i m i t  t h e  q u a n t i t y  
of  d a t a  recorded when t h e  f l u x  i s  low.  The use of two detec- 
tors f r equen t ly  overcomes t h i s  problem s i n c e  each d e t e c t o r  can 
be opera ted  over  a l i m i t e d  energy range. 
E ,  Response i n  In t ense  Gamma F ie lds  
As mentioned i n  t h e  previous s e c t i o n ,  t h e  gamma response 
w a s  extremely good up t o  l e v e l s  of approximately l o 3  R/hour. 
How it responds t o  h igher  levels i s  q u i t e  important  because t h e  
contemplated environment w i l l  involve f i e l d s  a s  high as  
6 1 , 5  x 10 R/hour. 
I n  a gamma f i e l d  of lo3 R/hour, c a l c u l a t e d  a t  
a 700-curie Co60 source i n  the I I T R I  h o t  ce l l ,  t h e  
t h e  p ropor t iona l  counters  a t  0.25 atmosphere of 90 
95 c m  f r o m  
response of 
3 percen t  H e  
and 10 pe rcen t  C4H10 w a s  neg l ig ib l e .  The solid-state d e t e c t o r s ,  
53 
* 
on the o t h e r  hand, exhibited a counting rate of l o 3  counts/min 
above 0.1 MeV. T h i s  
count ra te  i s  tolerable and would have no measurable effect on 
the  neutron spectrum, s i n c e  the p ropor t iona l  counter  coincidence 
e l i m i n a t e s  any counts  r e s u l t i n g  f r o m  gamma i n t e r a c t i o n  on ly  and 
the  number of chance coincidences between neutron and gamma 
even t s  i s  very s m a l l .  
M o s t  of t h i s  response was below 0.5 MeV. 
t 
I n  a gamma f i e l d  of 10 4 R/hour, the response of the propor- 
t i o n a l  counters  increased  t o  25 5 5 counts/min. The s o l i d -  
s t a t e  detectors recorded more than 10 4 counts/min, b u t  aga in  
I n  a gamma f i e l d  of 10 5 R/hour, the coincidences i n  the 
t h i s  rate i s  w e l l  b e l o w  tha t  w h i c h  would cause s e r i o u s  p i l e u p  
due to  a c c i d e n t a l  coincidences.  
p ropor t iona l  counters  amounted t o  300/min a t  25-nanosec 
r e so lv ing  t i m e .  
8 2  
response t ha t  would be recorded i n  a neutron flux of 10 /an -sec 
a t  an e f f i c i e n c y  of 10-6/neutron. 
p i l e u p  i n  the solid-state detectors i s  a s e r i o u s  problem. 
i s  doubt fu l  t h a t  a r e l i a b l e  neutron spectrum could be recorded 
s i n c e  most of the  response would be due to  a c c i d e n t a l  summing 
of gamma and neutron even t s  i n  the s o l i d - s t a t e  detector 
channels.  
This  i s  s t i l l  q u i t e  l o w  compared w i t h  the  neutron 
However, i n  t h i s  f i e l d  gamma 
I t  
The count rate recorded i n  each detector channel 
exceeded 10 5 counts/min, and ampl i f i e r  s a t u r a t i o n  w a s  apparent  
dur ing  a s i g n i f i c a n t  p o r t i o n  of the t i m e .  
p r i n c i p a l l y  by the p reampl i f i e r s ,  whose t i m e  response i s  much 
s l o w e r  than  t h a t  of the main ampl i f i e r .  
T h i s  i s  caused 
54 
6 I n  the h i g h e s t  gamma f i e l d  employed, 10 R/hour, the pro- 
p o r t i o n a l  counters  produced 5 x lo3 counts/min a t  25-nanosec 
r e so lv ing  t i m e ,  T h i s  rate s t i l l  represents very good gamma 
i n s e n s i t i v i t y ,  e s p e c i a l l y  s ince  i t  i s  r e a l i z e d  t h a t  for  random 
coincidences the r a t e  should be p ropor t iona l  t o  the  square of 
t h e  f i e l d  r a t h e r  than direct ly  p ropor t iona l ,  a s  has  been shown, 
This  i n d i c a t e s  t ha t  these coincidences are due to  s o m e  mechanism 
tha t  deposits energy i n  both propor t iona l  counters  from one 
gamma i n t e r a c t i o n ,  The solid-state detector channels w e r e  
completely s a t u r a t e d  under these cond i t ions ,  and no count r a t e  
information could be obta ined ,  However, it i s  c l e a r  t h a t  a 
ra te  of t h e  o rde r  of 10 /min i s  to  be expected, The preampli- 
fiers w e r e  v i r t u a l l y  continuously blocked,, Because t h e  count 
r a t e s  i n  t h e  s o l i d - s t a t e  d e t e c t o r s  w e r e  so high,  use of particle 
i d e n t i f i c a t i o n  to  f u r t h e r  reduce t h e  g a m a  background count  
r a t e  could n o t  be attempted, although such a reduct ion  is 
p o s s i b l e  and can amount t o  as much as two orders of  magnitude, 
This  w a s  also t r u e  i n  t h e  case  of t h e  measurements a t  10 R/hour, 
A t  the  l o w e r  f i e l d s  a reduct ion  of 10 i s  e a s i l y  achieved, so 
t h a t  i n  a f i e l d  of 10 R/hour the  measured 25 counts/min could 





A, Resolut ion 
The p r e s e n t  prototype has  an u l t i m a t e  r e s o l u t i o n  of 54 keV, 




100 keV or  better.  
cons ider ing  t h e  v a r i a t i o n  i n  energy lo s s  of  t h e  proton and 
t r i t o n  i n  t h e  gas  and t h e  s u b s t a n t i a l  number o f  50-keV neutrons 
c o n t r i b u t i n g  t o  t h e  thermal peak, 
The discrepancy can be accounted for  by 
A t  h igher  neutron energ ies ,  w h e r e  the  energy deposited i n  
t h e  gas i s  much smaller, t h e  r e s o l u t i o n  should improve, T h i s  
has  been observed a t  1,73 MeV, but  the precise amount of t h i s  
improvement i s  d i f f i c u l t  t o  quan t i fy  because o f  t h e  poor 
s t a t i s t i c s  involved, 
A t  t h e  h ighes t  energy, 1 4 , 2  MeV, the g r e a t l y  lowered 
e f f i c i e n c y  makes measurement of r e s o l u t i o n  more d i f f i c u l t  
s t i l l ,  However, on t h e  basis of t h e  p re sen t  r e s u l t s  we can 
estimate t h a t  a peak r e s o l u t i o n  of 300 k e V  i s  being achieved, 
T h i s  r e s o l u t i o n  i s  t o  be compared w i t h  the  half-width of the  
neutron energy prof i le ,  which is  no less than  250 keV i n  a 
t h i c k  t a r g e t ,  T h e  r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  thermal neutron 
measurements,which i n d i c a t e  a r e s o l u t i o n  o f  100 keV o r  better, 
I f  the  v a r i a t i o n  i n  energy l o s t  i n  t he  gas  for  the pro ton  
and t r i t o n  produced by a thermal neutron i s  considered,  a 
r e s o l u t i o n  f i g u r e  t h a t  should hold reasonably w e l l  for  h igher  
neutron ene rg ie s  can be ca l cu la t ed ,  T h e  r e s u l t s  are n o t  incon- 
s i s t e n t  w i t h  a r e s o l u t i o n  of 75 + i: keV, On  the energy scale, 
t h i s  r e p r e s e n t s  a r e s o l u t i o n  of 8 , 7  pe rcen t  for a 100-keV 
neutron,  T h i s  f i g u r e  should be compared wi th  t h e  r e s o l u t i o n  
requirement of 8 percent  r e s o l u t i o n  a t  100 keV a s  s t a t e d  i n  
Request N o ,  1-5-41-50634, W e  conf ident ly  expect t o  be able to  














Bo Eff i c i ency  
The e f f i c i e n c y  of t h e  spectrometer can be c a l c u l a t e d  wi th  
some confidence by cons ider ing  the cross s e c t i o n  of t h e  
H e  ( n 7 p ) T  r e a c t i o n ,  the H e 3  gas p res su re ,  and the geometry of 
the detector, 
3 
A t  a gas  pressure  of 1,O atmosphere, neutron 
ene rg ie s  of 0-3 t o  3 MeV (where the H e  3 (n ,p)T cross s e c t i o n  i s  
neiirly constzlnt), and t h e  present geometry, the e f f i c i e n c y  w a s  
c a l c u l a t e d  t o  be 3,2 x 10-6/neutron, 
mately these ene rg ie s ,  based o n  measurements taken a t  0,25 
atmosphere, w a s  2,O x and reflects the approximate na tu re  
of the c a l c u l a t i o n  of the geometric effect  on e f f i c i e n c y ,  
There i s  no reason t o  b e l i e v e  t h a t  t h e  e f f i c i e n c y  should n o t  
be propor t iona l  t o  p re s su re ,  and a measurement m a d e  a t  1,O 
atmosphere b u t  w i t h  poorer s ta t is t ics  corroborated t h i s  view, 
A t  the h ighes t  reasonable  g a s  pressure ,  2,O atmospheres, the  
e f f i c i e n c y  w i l l  be 4 x 10-6/neutron, A geometry change t h a t  
p l aces  the t w o  solid-state detectors closer together i s  expected 
t o  improve t h i s  e f f i c i e n c y  by a f a c t o r  of 10,  
The e f f i c i e n c y  a t  approxi- 
c, 
Although the gamma i n t e r a c t i o n  i n  the g a s  and consequently 
the coincidence rate due to  gamma i n t e r a c t i o n a r e a s  l o w  as 
expected, t h e  i n t e r a c t i o n  of  gammas i n  the  s o l i d - s t a t e  detectors 
r e p r e s e n t s  a s e r i o u s  problem because of p i l e u p  i n  t h e  preampli- 
f i e r s ,  
An approximate c a l c u l a t i o n  of t he  gamma i n t e r a c t i o n  i n  the  
g a s  i n d i c a t e d  t h a t  t h e  observed gama-produced coincidence rate 
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a rose  p r i n c i p a l l y  from electrons e j e c t e d  from t h e  solid m a t e r i a l  
enc los ing  t h e  g a s ,  t h a t  is ,  t h e  w a l l s  and s o l i d - s t a t e  detectors 
and their  mounting, U s e  of either a simple t r ip le  coincidence 
or  the more e f f i c i e n t  p a r t i c l e  i d e n t i f i c a t i o n  reduced t h i s  back- 
ground to  much l o w e r  l e v e l s ,  
3 A t  10 R/hour, no g a m a  i n t e r a c t i o n  is expected t o  be 
observable ,  and t h i s  w a s  v e r i f i e d  by experiment, A t  higher 
l e v e l s  it i s  not  possible i n  general to  c a l c u l a t e  t h e  expected 
background coincidence r a t e ,  b u t  the experimental  r e s u l t s  a t  
lo4 R/hour and lo5 R/hour make it clear tha t  ope ra t ion  i n  f i e l d s  
of t h i s  magnitude w i l l  no t  involve any inhe ren t  d i f f i c u l t i e s .  
Operation i n  f i e l d s  of lo6  R/hour r e q u i r e s  s o m e  special technique 
t o  overcome t h e  s e r i o u s  problems o f  p i l eup ,  
D, Count R a t e  Capab i l i t y  
8 During ope ra t ion  i n  neutron f l u x e s  up to  10 /sec, Count 
r a t e s  as high a s  2 x 10 / sec  can be accepted by each of the  
fou r  channels  wi thout  d i s t o r t i o n .  The l i m i t a t i o n  i n  count ra te  
occurred i n  the g a t e  c i r c u i t  used to  open t h e  multichannel 
ana lyzer  and i s  n o t  i nhe ren t  t o  t h e  system, T h i s  g a t e  w a s  
l imited t o  200 counts/sec f o r  a cons t an t  p u l s e  width. R e l a -  
t i v e l y  minor changes i n  th i s  c i r c u i t  w i l l  a l low a n a l y s i s  of 
information a t  t h e  r a t e  of 1000/sec, t h e  l i m i t  of t h e  p r e s e n t  
multichannel analyzer., 
3 
A f a s t  ana lyzer  would a l l o w  a n a l y s i s  
3 of information a t  a ra te  a t  l e a s t  as great  a s  2 x 10 /sec, 
50 
E,  Summary 
I n  Table I t h e  major parameters desired of t h e  spectro- 
m e t e r  are compared w i t h  t h e  measured parameters of t h e  proto- 
type and w i t h  the r e s u l t s  expected u l t ima te ly .  
V I .  RECOMMENDATIONS 
Fur ther  work on s e v e r a l  i t e m s  i n  t h e  p re sen t  spectrometer 
may lead to  improved c h a r a c t e r i s t i c s  of the spectrometer o r  t o  
g r e a t e r  confidence i n  basic understanding of i t s  opera t ion ,  
These i t e m s  a r e  discussed i n  t h e  fol lowing s e c t i o n s ,  
A ,  Spectrometer Improvements 
Increased e f f i c i e n c y  w i l l  be possible w i t h  an improved 
geometry, and a t  t h e  same t i m e  better p ropor t iona l  counter  
response w i l l  be achieved, The l a t t e r  may have a s i g n i f i c a n t  
effect  on d e t e c t o r  r e s o l u t i o n ,  e s p e c i a l l y  a t  l o w  neutron energy, 
A method t h a t  f u r t h e r  reduces the gamma background and 
e l i m i n a t e s  the  problem of p i l eup  i n  the s o l i d - s t a t e  detector 
p reampl i f i e r s  i s  a mat te r  of some importance. A method of 
achieving t h i s  end i s  the use of f a s t  amplifiers feeding  a 
l i n e a r  gate (ref,, 27) t h a t  i s  only opened i n  response t o  a 
s igna l  f r o m  the p ropor t iona l  counter coincidence c i r c u i t ,  
W i t h  t h i s  arrangement t h e  pulse  rate due to  gamma background 
i n  the p reampl i f i e r s  and the  ampl i f i e r s  can be l imi t ed  t o  t h a t  
of the p ropor t iona l  counters ,  which i s  w e l l  w i t h i n  the  tolerable 
l i m i t  of approximately 500 counts/min for  an e f f i c i e n c y  of 
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This  system w i l l  ai iow fast-neutron spec t r a  to  be 
measured i n  the  presence of very l a r g e  gamma f l u x e s  a s  high as 
1.5 x 10 6 R/hour without  t he  use of any gamma sh ie ld ing .  
B, Thermal Neutron Count Rate Reduction 
As noted earlier,  a l a r g e  thermal neutron f l u x  seve re ly  
limits t h e  a b i l i t y  t o  record l a rge  f l u x e s  of fas t  neutrons.  
To reduce t h i s  l i m i t a t i o n ,  a t h e r m a l  s h i e l d  should be fabri- 
cated.  T h i s  s h i e l d  w i l l  g r e a t l y  reduce the  f l u x  of neutrons 
below some energy, f o r  example, 1 keV, b u t  w i l l  have a 
n e g l i g i b l e  e f f e c t  a t  h igher  energ ies .  A boron shield enc los ing  
the  d e t e c t o r  u n i t  f u l f i l l s  this- requirement y e t  i nc reases  the 
dimensions of the d e t e c t o r  u n i t  on ly  neg l ig ib ly .  
C ,  Advanced Confidence T e s t i n q  
A number of tests on the improved system and on the pres- 
e n t  system w i l l  f u r t h e r  understanding of  t h e  spectrometer's, 
b a s i c  ope ra t ion  and c a p a b i l i t i e s  and w i l l  develop confidence 
i n  i t s  use.  Such advanced t e s t i n g  should inc lude  tests i n  
mixed neutron and gamma f i e l d s  up to  a t  least  10 
1.5 x 10 R/hour, r e spec t ive ly .  Addi t iona l ly ,  tests can be 
performed wi th  h igh ly  monoenergetic neutron b e m a s  i n  t h e  range 
of 0.5 t o  la5 MeV, The ful l -width a t  half-maximum of these  
b e a m s  can be a s  l o w  a s  10 keV, which w i l l  a l low precise de te r -  
mination of the  r e so lu t ion .  
10 /crn2-sec and 
6 
Such tes t s  w i l l  provide information on r e s o l u t i o n  e f f i -  
c iency  and gamma r e j e c t i o n  under a v a r i e t y  of  cond i t ions  and w i l l  
y i e l d  evidence on t h e  degree of confidence t h a t  can be placed i n  





































J, B o  Marion and J, Lo Fowler, Ed,, F a s t  Neutron Physics ,  
Interscience Publ i shers ,  New York (1960) (. 
R,  Potenza and A, Rubbino, Nuclear I n s t r ,  Methods 25, 77 
(1963) , 
J, R ,  Keane, A t o m i c  Energy Research Establishment R e p o r t  
NO, AERE-R4686 (1964) 
C, H, Johnson and C,  C. T r a i l ,  Rev.  Sc i .  I n s t r .  27, 468 
(1956) e 
E, F ,  Bennet t ,  Argonne National Laboratory R e p o r t  No.  
ANL-6897 (1965) 0 
R ,  V,  Smith, I R E  Trans. Nuclear S c i ,  NS-5, 10 (1958). 
S, D, B l o o m ,  E, G o  R e i l l y ,  and B o  J. Toppel, Brookhaven 
Nat ional  Laboratory R e p o r t  BNL 358 (T-66) , (1955) 
R, Batchelor ,  R, Aves, and T ,  H, R ,  Shyrme, Rev.  S c i ,  
I n s t r ,  26, 1037 (1955) 
A, Sayres and M, Coppola, Rev, S c i ,  I n s t r ,  35, 431 (1964) ., 
C,  Dearnaley and A, To G o  Ferguson, Nucleonics 20, 84 
(1962) 
J, R ,  Stehn, M, Do Goldberg, B o  A, Maguno, and R. Wiener- 
Chasman, Brookhaven N a t i o n a l  Laboratory R e p o r t  No.  BNL 325, 
Second Edi t ion ,  Supplement N o ,  2 (1964), 
J, Konijn,  A, Lauber, and B o  Tollander ,  Nuclear I n s t r ,  
Methods 36, 302 (1965) , 
E, Storm, E, G i l b e r t ,  and H, Israel, Los A l a m o s  S c i e n t i f i c  
Laboratory R e p o r t  N o ,  LA-2237 (1958) 
G o  Anderson-Lindstrom and E, R o s s l e ,  Phys, R e v ,  Letters 
- 5, 7 1  (1963) , 
B o  Mainbridge, T o  W, Bonner, and T o  A, Rabson, Nuclear 

















B, Bo Rossi and H. H. Staub, Ionization Chambers and 
Counters, McGraw-Hill, New York (1949) 
p.  c. Rogers, R, L. Crawford, and J o  W o  Tows, Rev- sCim 
Instr, 36, 859 (1965) 
V. V, Gavrilovskii, K, V, Karadzhev, and A, Ya. Koslov, 
Instr, Exptl, Tech, USSR (English Transl,) h, 88 
(1962) 
S o  Optenfjells, Proc, I E E E  53, No. 5, 521 (May 1965)- 
V, Radeka, IEEE Trans., Nuclear Sci. NS-11, 302 (Jan, 1964). 
W. Highleyman and E. Jacob, IEEE Trans, Comun, Systems 
CS-10, 311 (Sept, 1962) , 
No M. Tompson and J, M, Taylor, Nuclear Instr. Methods 
- 37, 305 (1965) 
J. Katzenstein, Abstracts of the Tenth Scintillation and 
Semiconductor Counter Symposium, V-11 (March 1966) , 
63 
